ABSTRACT In this paper, we investigate the robust formation control of nonlinear uncertain second-order multi-agent systems with guaranteed collision avoidance. A novel event-triggered control algorithm together with event-triggered mechanism is designed to significantly reduce the control updating and eliminate continuous communication between agents. The model uncertainties and external disturbances are estimated in finite time by the continuous robust integral of sign of the error (RISE)-based observer. Moreover, interagent collisions and obstacles are avoided through incorporating artificial potential function approach into the formation control scheme. Based on the Lyapunov method and graph theory, sufficient conditions on multi-agent formation stability, robustness against perturbations, collision avoidance, and Zeno behavior elimination are derived. The simulation results finally are given to validate the performance of our approach.
for general linear multi-agent systems with fixed topology are developed in [14] , which can reduce both control updates and communication between neighboring agents under the presented sufficient conditions. In addition to general linear dynamics of multi-agent systems, [15] and [16] also extend event-triggered schemes into switching communication topologies. Using an open-loop estimate of neighboring agents' states, [15] and [16] are able to eliminate continuous inter-agent communication. The problem of event-triggered consensus of second-order multi-agent systems is further studied by [17] , whose communication among agents is essentially continuous. Continuous communication requirement are avoided in a recently work [18] on event-triggered consensus for nonlinear second-order multi-agent systems. It should be pointed out that neither of the mentioned above works take collision avoidance and robustness against model uncertainties into consideration.
State-of-the-art techniques for collision avoidance can be mainly classified by optimization-based methods [19] [20] [21] [22] [23] and artificial potential function (APF) based approaches [24] [25] [26] . As for the optimization-based approaches, the collision avoidance in formation control problem can be solved via distributed model predictive control (DMPC) [19] [20] [21] , mixed integer linear programming (MILP) [22] , or sequential convex programming (SCP) [23] . Nevertheless, as the number of agents and obstacles grows, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the aforementioned optimized-based approaches meet difficulty in fast implementation due to their high computational complexity. In contrast, APF based approaches use the negative gradient of repulsive and attractive potential functions to achieve collision avoidance and formation tracking, respectively. This method performs well in collision avoidance for multi-agent systems due to its ease of implementation and low computational requirement [6] , [25] , [26] . Meanwhile, in practical situations, robustness against unknown dynamics and disturbances (perturbations) also need to be addressed [11] , [27] [28] [29] . Various approaches have been proposed to study the robust control of multi-agent systems in the presence of perturbations, which consist sliding mode control [27] , [28] , robust integral of the sign of the error (RISE) methodology [11] , and also robust adaptive control [29] , to name a few. This paper will address the formation control for secondorder nonlinear multi-agent systems using event-triggered communication, in the presence of unknown dynamics and disturbances. A distributed finite-time RISE identifier based control algorithm is proposed such that both formation tracking and collision avoidance are achieved. The main contributions are summarized as follows: 1) Unlike the existing research works on event-triggered cooperative control, we incorporate APF method into formation control through introducing an auxiliary variable, such that agents can make a trade-off between formation tracking and collision avoidance with other agents and obstacles; 2) A new continuous finite time disturbance observer is constructed based on RISE concept to improve the robustness against model uncertainties and external disturbances; and 3) Our proposed control protocol eliminates continuous communication between agents, and significantly reduces the control updating. Meanwhile, by virtue of a novel event-triggered mechanism, multi-agent formation tracking, collision avoidance, and positive innerevent time can be realized even if the system dynamics are in the presence of uncertainties and disturbances.
The remaining of this paper is organized as follows. In the next section, preliminaries and control objectives are given. Section III presents the RISE identifier design and the distributed formation control protocol, as with their stability analysis. Simulation results are then provided in section IV. Finally, the conclusions are drawn in Section V.
The following notations are adopted throughout this paper. Let the set of reals be R; R n×m denotes the set of all n × m real matrices; I n is an identity matrix with dimension n; 1 n and 0 n denote, respectively, the column vectors of n ones and zeros; the transpose of matrix A and vector x are shown as A T and x T , respectively; ⊗ denotes the Kronecker product; diag{g}, where g = [g 1 , g 2 , . . . , g n ] T , denotes the n × n diagonal matrix with diagonal entries g i , i = 1, 2, . . . , n; sign(·) stands for a vector signum function; λ max (P) and λ min (P) denote the maximum and minimum eigenvalues of a real symmetric matrix P, respectively. for a vector x = [x 1 , x 2 , . . . , x n ] T ∈ R n , x denotes its 2-norm, |x| q stands for [|x 1 | q , |x 2 | q , . . . , |x n | q ] T , and x q denotes diag{|x| q }sign(x); furthermore, the gradient of function f is denoted by ∇f ; the symbol ''\'' denotes set substraction such that A\B {x ∈ A, x / ∈ B}.
II. PRELIMINARIES AND PROBLEM FORMULATION A. ALGEBRAIC GRAPH THEORY
Let G = (V, E, A) be a directed graph used to model the network topology among the N follower agents, which consists of a finite node set V = {1, 2, . . . , N }, an edge set E = {(i, j) : i, j ∈ V} with (i, j) implies that node j can obtain information from node i, and a weighted adjacency matrix A = a ij . For any i, j ∈ V, a ij > 0 if and only if (j, i) ∈ E, while a ij = 0 if and only if (j, i) / ∈ E. The set of neighbors of agent i is denoted by N i = {j :
A directed graph is said to have a spanning tree if there exists at least one node having a path (a sequence of edges in the the form of (i, j), (j, k), · · · ) to all the other nodes (see more details on its definition and properties in [30] ). Moreover, let a directed graphḠ describe the interaction among leader agent 0 and N followers with a node set V ∪ 0. The following assumption is made for the communication topology of virtual leader and the follower agents.
Assumption 1: We assume that there exists a spanning tree in the graphḠ with virtual leader the root node.
In distributed tracking case, B = diag{b 1 , b 2 , . . . , b N } is utilized to stand for the access of agents to the virtual leader's trajectory, where b i > 0 if agent i has access to the leader's trajectory and b i = 0 otherwise. A matrix H is defined as H = L +B for further analysis. From Assumption 1 and [30] , one can get that 0 is a simple eigenvalue of the Laplacian matrixL ∈ R (N +1)×(N +1) corresponding toḠ, and the real parts of all the other N eigenvalues are positive, which further leads to H > 0.
B. PROBLEM FORMULATION
Considering a multi-agent system with a group of N agents, whose dynamics are modeled by the following nonlinear equations [28] :
where i = 1, 2, . . . , N is the index of agents, p i (t) ∈ R n and v i (t) ∈ R n stand for the i-th agent's position and velocity, respectively, u i (t) ∈ R n is the acceleration input of agent i, and f i (p i , v i , t) ∈ R n represents a known nonlinear function, while w i stands for the unmodeled uncertainty and disturbance, which satisfy the following assumptions. Assumption 2: For x, y ∈ R n , there exist nonnegative constants c 1 , c 2 such that
Assumption 3: The unknown perturbations w i of the agents are differentiable such that their first time derivatives exist and are bounded, namely,ẇ i ≤ with a positive constant.
An
T ∈ R nN is used to specify the desired configuration of multi-agent formation, where h i (t) ∈ R n is the assigned position of agent i ∈ V with respect to the virtual leader. The position trajectory of the virtual leader (i.e., the formation's reference trajectory) and its velocity are represented by p 0 (t) ∈ R n and v 0 (t) ∈ R n , respectively. Then, the multiple agents system (1) can be said to achieve formation tracking when
Let the set of obstacles be
It is assumed that all the agents have identical radius R a and collision detection radius R z . Since collision avoidance has higher priority than formation tracking, we assume that the agents can measure the positions of objects that enter into their detection region. Meanwhile, we model the agents and obstacles as circular or spherical objects.
Finally, the control objective of this paper is to design a robust distributed event-triggered control law u i (t), i ∈ V such that all the agents reach a neighbor region of their desired positions even with model uncertainties and external disturbances, while avoiding the collisions with obstacles and other agents in the formation, which can be formally described as,
where ε p is a positive constant, R o stands for the radius of obstacle o and p o is its position.
To ensure the feasibility of the control objective, the following assumptions are necessary:
Assumption 4: The final desired positions of agents are assumed to satisfy
This condition guarantees that the final desired position of each agent is consistent with desired relative positions and with the obstacle avoidance constraint.
Assumption 5:
The velocity and acceleration of the virtual leader are bounded, i.e., v 0 andv 0 can be upper bounded by certain positive constants.
III. MAIN RESULTS
In this section, the RISE identifier design and the eventtriggered distributed robust formation control protocol for multiple agents with collision avoidance are presented.
A. REPULSIVE POTENTIAL FUNCTION
This section introduces a continuous repulsive potential function, which will incorporate into the formation control algorithm to achieve collision avoidance. In practice, agent i performs collision avoidance maneuver only when object m ∈ Q\{i} enters its collision detection region, i.e., R a + R m < p i (t) − p m (t) ≤ R z + R m } with p m and R m the position and radius of object m, respectively. To meet this requirement, the repulsive potential field of agent i for collision avoidance with obstacles and all the agents excluding itself is defined as
where l > 1 is a constant, d im = p i (t) − p m (t) stands for the distance between agent i and object m, and η im is given by
where the polynomial coefficients
The partial derivative of agent i's repulsive potential function (5) with respect to p i is given by
To enable subsequently collision avoidance analysis, the following signal is introduced.
with k o i a positive constant. Remark 1: Note that the constructed repulsive potential function (5) works only when other agents or obstacles are detected by agent i, i.e., when
Hence, the potential function (5) of agent is calculated using the positions measured by its collision detection system.
B. RISE BASED FINITE-TIME DISTURBANCES OBSERVER
The following expression for agent i is constructed to approximate the second differential equation in (1):
wherev i ∈ R n is the estimated velocity of agent i, u i is the actual control input andŵ i (t) is the estimation of w i (t), which is designed as follows.
where
where q 2 is a positive constant and satisfying q 1 q 2 < 1. Hence, if we setv
Combining (1), (9) , and (10), one haṡ
For analyzing the stability subsequently, the following filtered error for agent i is also defined:
whose time derivative can be obtained as follows according to (11) and (12) .
The convergence of the estimation ofŵ i obtained by (10) is analyzed by the following Theorem:
Theorem 1: For multi-agent system (1), suppose that Assumption 3 holds. For each agent i, using disturbances estimator (10) , provided that q 1 q 2 = 1 2 , κ 2 > and κ 1 is sufficiently large. Then, the estimation error of unknown dynamics and disturbancesŵ i converge to zero within finite time T c > 0, i.e.,
Proof: For the stability analysis, a Lyapunov candidate for agent i is defined as
, and q 3 > 4 is an odd number.
First, let's show that W i (t) is nonnegative. It follows from (15) that 
Hence, when choosing c = 2κ 3 θ 1 2/q 3 , we can obtain that
which is obviously a nonnegative function if θ 2 satisfy θ 2 >
/κ 2 1 q 3 . Let's take the time derivative of (15) along the trajectories of (11) and (13), we havė
Set q 1 q 2 = 1 2 , we havė
Definer i
, the expression (19) can be upper bounded by:
with
Then, to show the negative definite ofẆ i when
which is obviously a homogeneous function (see its definition in [31] ) of degree 
C. EVENT-TRIGGERED CONTROLLER DESIGN
Using event-triggered communication and detected potential collisions, when t i k ≤ t < t i k+1 with t i k the kth triggered time of agent i, the formation controller is designed as (25) which can be rewritten as (26) into (1) and taking the time derivative of φ i (t), we havė
. . , β N }, and define the following compact vectors:
Then, the closed-loop error dynamics of (27) is given aṡ
The Event-triggered condition is designed as
where 0 > 0, 1 > 0, ρ i > 0, and the event triggering function q i (t) and s i (t) are respectively given by
where 2 with γ 1 > 0 and γ 2 > 0.
D. STABILITY ANALYSIS
Theorem 2: Given multiple agents (1), under Assumptions 1-5, for each agent, use the disturbances estimator (10), apply the distributed event-triggered mechanism (29) and formation controller (25) with control parameters k 1 , k 2 , β satisfying
with m , k o , c 2 , given subsequently. Then the multiple agents can achieve collision avoidance with both obstacles and other agents, and also converge to a small neighbor region of the desired formation as t → ∞, while Zeno behavior never happens.
√ s i1 (t) + s i2 (t) and use the norm inequality x − y 2 ≤ 2 x 2 + 2 y 2 , we can obtain that
, and Young's inequality x T y ≤ (α/2)x T x + (1/2α)y T y is used. Now, let's construct the following positive definite function for analyzing the stability of the closed-loop system (28) .
Calculating the time derivative of V LF along the solution of (28) yieldṡ
According to Assumption 2, one has
with c 1 = max i∈V {c i1 }, c 2 = max i∈V {c i2 }, and c m = max{c 1 , c 2 }. Hence, (34) can be upper bounded bẏ
The time derivative of V LO is obtained aṡ
Then, consider (32), (36), (37) and the event-triggered condition (29), we can obtain thaṫ
where γ m = 2λ max (γ 1L + γ 2 I 2 ⊗ (B ⊗ I n ) + αI n ). By using Young's inequality, it can be shown that
It then follows that the upper bound of (38) can be expressed aṡ
We now proceed to discuss the conditions on which the following matrix is negative definite.
T be its associated eigenvectors with ζ 1 ∈ R N ×1 , ζ 2 ∈ R N ×1 . We have K 1 ζ = λ k ζ and
which can be rewritten as
We can further obtain that
It implies that the term
is an eigenvalue of −(H ⊗I n ). According to Assumption 1, one has λ min (H ) > 0. Then, it is trivial to show that if the roots of Choosing control parameters as (31)V L yieldṡ
, and
Then, if φ and satisfy the following conditions
we can conclude thatV L < 0. Therefore, using the Lyapunov-like theorem 2.5.7 in [33] , φ and are uniformly ultimately bounded (UUB). Next, we will prove that Zeno behavior of the closed-loop dynamic systems (27) under event-triggered mechanism (29) is eliminated. For this purpose, let's compute the time derivative of q i (t) in (30) 
Considering the designed continuous repulsive potential function (5) and the expression of i in (8) , one has that k v β i ˙ i and β i ¨ i are bounded for all t due to the boundedness of i proved above. By the UUB property ofṽ i obtained above and Assumption 5, we know that (
is also bounded. From the expression of u i and Assumptions 2 and 3, the boundedness of
Meanwhile, sincev i converges to zeros in finite time showed by Theorem 1, the term κ 1 q 1 ξ i (v i , t) q 1 −1 ξ i (v i , t) + κ 2 sign(ξ i (v i , t) ) is VOLUME 7, 2019 bounded obviously. Therefore, we can conclude that there exists a positive constant c 0 such that for any k ≥ 1, which implies that Zeno behavior never happens. The proof is completed.
Remark 2: Compared with the existing works, such as [17] , [18] , the proposed event-triggered formation controller can achieve robust formation control and collision avoidance simultaneously, while avoiding continuous communication and calculation requirements.
Remark 3: The designed more complex event-triggered mechanism (29) plays an important role in guaranteeing the stability of the overall closed-loop system, which not only depends on agents' states measurement errors δp i , δṽ i , δ p 0 , δ v 0 , but also the observer sampled errors δŵ i and δ˙ i .
Remark 4: According to (40), the convergence performance of formation error signals φ and collision avoidance variable depends on the parameters choice of Theorem 2, one can therefore make a tradeoff between the performance of formation control and collision avoidance.
IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed eventtriggered collision-free formation controller is shown by numerical simulations.
Example 1 (Two Dimensional Multi-Agent Formation Tracking Under Collision Avoidance):
In this example, we consider a team of five second-order nonlinear agents moving in two dimensional workspace. The communication topology among the virtual leader and agents is exhibited by Fig. 1 , where the node labeled 0 stands for the virtual leader and only agent 2 and 4 are informed about the virtual leader's trajectory. The dynamics of agents are described by (1) , where the nonlinear function f i = 0.08[sin(p(1)), cos(p (2))] T and the move around the obstacles and never collide with them. The inter-agent distances are depicted in Fig. 4 which implies that collision avoidance among agents can be achieved using our designed formation controller. The control inputs of the multi-agent system are shown by Fig. 5 , while their triggered time is shown by Fig. 6 . Therefore, the continuous communication and control updates are avoided in our proposed eventtriggered formation control methodology.
Example 2 (Spacecraft Formation Reconfiguration With
Collision Avoidance): Spacecraft formation flying in the circular orbit is considered in this example, whose dynamics with respect to the reference orbit (the orbital radius r c0 = 4.224 × 10 7 m) can be written as [34] 
where m i = 50kg is the mass of the spacecraft, The safety and detection radius of the spacecraft are selected as R a = 2m and R z = 28m, respectively, while the obstacle radius is selected as R o = 5m. Note that the large detection radius is chosen to ensure collision avoidance in the presence of input saturation. The desired configuration of the multiple spacecraft system with respected to the reference orbit is described by p 0 = [0; 0; 0](m) and h i = 40[cos(θ i ); sin(θ i ) cos( pentagram marks, respectively, stand for the initial and final positions of the spacecraft formation. Fig. 9 shows that the relative distances among each pair of the spacecraft never become less than 2R a and remain the same after about 33s, hence the formation reconfiguration and inter-spacecraft collision avoidance are achieved simultaneously. The minimum distance between spacecraft and the two obstacles is exhibited in Fig. 10 , which obviously shows that the collisions between spacecraft and obstacles never happens. Finally, the saturated control forces of the spacecraft are illustrated by Fig. 11 . We can see that the continuous inputs update is avoided in the proposed event-triggered formation controller, which also implies that the Zeno behavior is eliminated.
V. CONCLUSION
In this paper, the distributed event-triggered robust formation control problem for multi-agent systems with guaranteed collision avoidance was studied. A new finite-time RISE-like identifier was developed for estimating the perturbations, which is updated continuously, while the communication and control inputs of agents are event-triggered. Meanwhile, APF approach was incorporated into formation control framework to avoid inter-agent collisions and obstacles. The sufficient conditions on the stability of the overall closed-loop system and collision avoidance were derived based on Lyapunov method and algebraic graph theory. The effectiveness of our proposed event-triggered formation control algorithm was finally illustrated by numerical simulation tests.
The promising directions of future research include the extensions to event-triggering formation control subjected to input constraints, switching topologies and communication delays, and its combination with optimization methods for improving the formation's efficiency. His current research interests include control of space robots, momentum management control of space station, guidance, navigation, and control for on-orbit servicing. VOLUME 7, 2019 
